Introduction
Coordination chemistry regularly provides examples of fascinating homo-and heterometallic molecules with potential applications in disparate fields. In bioinorganic chemistry certain heterometallic manganese complexes have been proposed as biomimetic models for energy and electron transfer processes -one such stimulus being the heterobimetallic [Mn 4 CaO 4 ] cubane-like catalytic unit within photosystem II (PSII). 1 Mn has also played a pivotal role in the field of molecular magnetism: the anisotropic nature of the Mn(III) ion means that it is regularly selected as the metal of choice in the synthesis of Single-Molecule Magnets (SMMs) 2 and Single-Chain Magnets (SCMs), 3 whilst the isotropic Mn(II) ion can be employed in the construction of molecular magnetic refrigerants. 4 Molecular Nanomagnetism has also seen a rennaisance in the synthesis of heterometellic 3d/4f cluster compounds, driven, in the main, by the tuneable anisotropy of the lanthanide ions, 5, 6 offering the chemist the opportunity to vary the physical properties of a molecule without significantly altering structure. Similarly the systematic synthesis of the extensive family of heterometallic [Cr 7 M] wheels and their many siblings has made elegant in-roads into the field of quantum information processing via molecular qubits. Herein we present the synthesis, structure, magnetism and theoretical study of the rather unusual heterobimetallic complex [Cu(II)Mn(III)(L) 2 (py) 4 ](ClO 4 )·EtOH (1·EtOH) constructed using the proligand 2,2'-biphenol (LH 2 ) which contains a rare example of a Jahn-Teller compressed Mn(III) ion.
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Results and Discussion
Complex 1 is readily prepared via the reaction of Mn(II)(ClO 4 ) 2 ·6H 2 O, anhydrous Cu(I)Cl, 2,2'-biphenol (LH 2 ) and NEt 4 (OH) in a EtOH / pyridine solvent mixture. The resultant green / black solution, upon filtration and slow evaporation, gives rise to X-ray diffraction quality crystals of 1 in ~20% yield (see Table S1 for crystallographic data). Crystals were in a triclinic cell and structure solution was performed in the space group P-1.
The structure of the cation in 1 ( Figure 1) , affording an S = 3/2 spin ground state with the S = 5/2 excited state some 167 cm -1 higher in energy. In addition, inter-molecular interactions were taken into account in the frame of mean-field theory, by use of the Curie-Weiss temperature, θ.
A Curie-Weiss constant of θ = -0.9 K, was necessary to reproduce the small drop of the χ M T product below ~ 20 K. The determined strong antiferromagnetic interaction is consistent with the above qualitative description of the thermal dependence of the χ M T product of 1.
In order to determine, by magnetisation measurements, the single-ion axial anisotropy parameter for the Mn(III) centre in 1, variable-temperature-variable-field magnetisation measurements were All of the labelled resonances persist to the lowest temperatures investigated (not shown), indicating that they involve transitions either within or from the lowest Kramers doublet. At frequencies below 200 GHz, the spectra are dominated by three strong resonance branches that we assign to the x, y and z-transitions within the ground-state Kramers doublet; these are marked by open red, blue and black circles, respectively. As can be seen in the frequency versus field map in Figure 4 , the peak positions corresponding to these transitions each lie on simulated curves (vide infra) that intersect the origin, as expected for intra-Kramers transitions. At frequencies above 200 GHz, additional resonance branches appear at low fields (solid black squares and circles). As can be seen in Figure 4 , these resonances all lie on lines/curves that meet at a unique finite-frequency offset on the zero-field axis. We thus assign them as inter-Kramers transitions, and the intercept on the ordinate corresponds exactly to the zerofield energy splitting between the two lowest Kramers doublets. We note that this splitting of While analysis of susceptibility data enables reliable estimates of the exchange coupling within a simple spin system, especially a dimer, EPR measurements provide much more robust constraints on both the sign and magnitude of the magneto-anisotropy. The EPR data presented in Figure 4 clearly reveal the presence of a pair of low-energy Kramers doublets. However, they do not rule out the possibility of a third higher-lying doublet. Thus, a determination of the ground state spin from the EPR data is not entirely straightforward. This would require careful analysis of much weaker transitions observed at elevated temperatures, and we do not pursue this here because the susceptibility measurements clearly indicate that the coupling within the dimer is antiferromagnetic.
Therefore, in the following analysis, we assume that the ground state spin value is S = 3/2. In doing so, we will see that the obtained anisotropy is quite consistent with expectations, thus providing indirect confirmation of the S = 3/2 ground state spin value. can only be determined precisely via diagonalisation of the following effective spin Hamiltonian:
where Ŝ represents the total spin operator and Ŝ i (i = x, y, z) its components, the subscript S = 3/2 defines the total spin-state on which the effective spin-Hamiltonian (2) is applied and g S is the Landé tensor of the total spin-state S. The best simulation of the data in Figure 4 was obtained with the following parameters: D S = +6.27 cm -1 , E S = ±0.57 cm -1 , g S,x = 1.97, g S,y = 1.97 and g S,z = 1.98. The main constraint on the E S parameter is the splitting between the x-and y-components of the intraKramers transitions (red and blue curves in Figure 4) , i.e. its value is well constrained. While one might expect a corresponding difference between g S,x and g S,y , this leads to an over parameterization of the model. Therefore, we have assumed these parameters to have the same value.
The transverse anisotropy (E) leads naturally to an avoided-crossing between the m S = -3/2 and m S = -1/2 components of the two Kramers doublets, which meet at ~7 T when B//z. It is this interaction that is the reason for the ~60 GHz (2 cm -1 ) gap between the inter-and intra-Kramers z-component resonance branches at ~7 T in Figure 4 (solid black lines). Surprisingly, spectra recorded at frequencies close to 200 GHz (e.g. the blue curve in Fig. 3 ) still show weak resonances in this gapped region of the B//z simulations. Closer inspection of the spectra reveals that the z component appears to consist of a narrow derivative (i.e. a sharp peak followed by a sharp minimum) superimposed on a broad dip; this contrasts the x and y components that each consist of a single feature, i.e. a peak for y and a shoulder for x, as expected for such a powder spectrum. The narrow and broad z-components are separately plotted in Figure 4 as grey squares and open black circles. The sharp components lie on a straight (grey) line passing through the origin, having a slope corresponding to g = 2.003(2). At most frequencies, the broad dip lies very close to this line. However, one clearly sees that the broad component moves appreciably to the high-field side of the g = 2.003 position (the sharp peak) as the frequency approaches the gapped region; the relevant portion of the 148.8 GHz spectrum has been enlarged in Figure 3 (green curve) to emphasize this point. Indeed, if one assumes that it is this broad dip that corresponds to the z-component of the dimer spectrum, one finds excellent agreement with the simulations in Figure 4 . Meanwhile, we believe that the sharp component corresponds to an impurity phase within the powder, possibly containing isotropic Mn(II); this is often found to be the Page 9 of 20 case in Mn-containing polynuclear clusters, and explains why a resonance is still observed in the gapped region of the B//z spectrum. In fact, it is notable that the 200 GHz spectrum exhibits only a sharp component, the broad dip appears to be absent, which is why an open circle is not included in Figure 4 for this frequency.
Due to the strong Cu(II)-Mn(III) exchange interaction (J ~ -33 cm -1 ), we can make a reliable estimation of the anisotropy parameters associated with the individual ions using the projection method. 16 According to Kramers' theorem, any zero-field splitting interaction associated with the Cu(II) ion (S Cu = 1/2) is strictly forbidden; hence, the zero-field splitting parameters of the molecule are determined only by the anisotropy parameters of the Mn(III) ion. The projection method gives . Consequently, the obtained g-values for the S = 3/2 ground spin-state should be dominated by the Mn(III) ion, which is consistent with the obtained values that are very close to 2.00.
DFT Analysis
Density functional studies have been performed on complex 1 to compute the J value and to explore the origin of the nature of the interaction observed experimentally. The B3LYP/TZV combination (see computational details below) yields a J value of -71 cm -1 . Although the sign of J has been correctly reproduced, the magnitude is overestimated compared to experiment (J exp = -33.4 cm -1 ).
Although the employed methodology generally offers good numerical estimates of J values, there are instances where overestimation of the J has been noted. 17, 18 Calculations performed incorporating the counter-anion did not lead to any significant improvement (-71 cm -1 vs. -83 cm -1 ; Table S5 ). Since our aim is to probe the origin of antiferromagnetic coupling in the {MnCu} pair, we have analysed the wave function and the magnetic orbitals of the Mn(III) and Cu(II) ions ( Figure 5 ). are also found to have positive spin densities. On the other hand, the spin densities on the O-atoms lying in the axial direction are found to be negative ( Figure 6 ). This is in line with our expectation where the empty d z 2 orbital propagates spin polarization rather than spin delocalization. Such a mixture of delocalization and polarization has been reported previously. 13c,21 energy than the b 1g orbital. This splitting is related to the strength of the distortion and significant splitting demonstrates that the Mn(III) ion is undergoing relatively strong JT compression. 19, 20 Qualitatively (E dxy -E dz 2 ) -calculated to be ~2.12 eV for 1 ( Figure 5 ) -is related to the anisotropy by the following equation for a Jahn-Teller compressed Mn(III) ion:
where  eff is the effective covalently reduced one-electron spin-orbit coupling (SOC) constant of the metal ion under investigation, and  is as defined in Figure 5 We have also computed the ZFS parameter of complex 1 using the methodology established by Neese et al. 20 We have performed calculations on complex 1 and also on a fictitious {MnZn} model complex of 1 to estimate the S = 3/2 ZFS of 1 and the S = 2 single-ion anisotropy of the Mn(III) ion, in order to compare to the experimentally extracted parameters. Analysing the wave function (see Figure 5 and related discussion on ), reveals that the main reason for the difference is that the Mn(II) ion has one empty  type orbital (for the S = 3/2 ground state) and this leads to large singly occupied molecular orbital (SOMO) to virtual molecular orbitals (VMO)
contribution. There is also a significant contribution due to doubly occupied orbitals (DOMO) to VMO due to the presence of Cu(II). These two contributions are minimal for the mononuclear Mn(III)
ions. This is illustrated in Figure 7 . It is apparent from the break-up contributions given for the {MnCu} complex that the DOMO →VMO excitation which has the largest positive value determines the net sign of the anisotropy. Since this parameter is related to the mixing of Mn and Cu d-orbitals, efforts to vary the ligand field are expected to significantly affect the magnitude of the anisotropy.
The computed D-tensor orientation for the {MnCu} complex is shown in Figure 6 . As expected the Dzz axis is aligned along JT axis with a deviation of approximately 5°. 
Experimental Section

Physical measurements
Infra-red spectra were recorded on a Perkin Elmer FT-IR Spectrum One spectrometer equipped with a Universal ATR Sampling accessory (NUI Galway). Elemental analysis was carried out by the School of Chemistry microanalysis service at NUI Galway. Variable-temperature, solid-state direct current (dc) magnetic susceptibility data down to 5 K were collected on powdered samples using a Quantum
Design MPMS-XL SQUID magnetometer equipped with a 7 T dc magnet (University of Edinburgh).
Diamagnetic corrections were applied to the observed paramagnetic susceptibilities using Pascals` constants. Complex 1 was set in eicosane to avoid torqueing of the crystallites. Powder EPR data were collected in a transmission-type spectrometer employing a 17 T superconducting magnet. A phaselocked oscillator, in conjunction with a series of multipliers and amplifiers, was employed as a microwave source capable of providing quasi-continuous frequency coverage up to 600+ GHz; a cold bolometer was used for detection.
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Computational Details
DFT calculations combined with the Broken Symmetry (BS) approach 23 were employed to compute the J values. The BS method has a proven record of yielding good numerical estimates of J constants for a variety of complexes. 24, 25 A detailed technical discussion of the computational details can be found elsewhere. 26, 27 Here, we have performed most of our calculations using the Gaussian 09 suite of programs with the fragment approach. 28 We have employed a hybrid B3LYP functional 29 with TZV basis sets on all atoms. 30 A very tight SCF convergence was employed throughout. DFT calculations for the estimation of the D-tensor used the ORCA suite of programmes, 31 employing the non-hybrid BP86 functional 32 using quasi-degenerate theory 33 with CP approach. 34, 35 The Alhrichs TZVPPP basis set was used for the Mn(III) and Cu(II) ions, while for the remaining atoms we have used the TZVP basis set. The RI approximations were considered during calculation with auxiliary TZV/J columbic fitting basis set. 36 Increased integration grids (Grid 5 in ORCA convention) along with tight SCF convergence were used.
Materials and syntheses
All reactions were performed under aerobic conditions and all reagents and solvents were used as purchased. Caution: Although we encountered no problems care should be taken when using the potentially explosive perchlorate salts. The NEt 4 (OH) solution employed was a 40% by weight aqueous solution which was used as purchased. 
X-ray crystallography
The structure of 1 was collected on an Xcalibur S single crystal diffractometer (Oxford Diffraction) using an enhanced Mo source. Each data reduction was carried out on the CrysAlisPro software package. For more detailed refinement information please consult the ESI. Full details can also be found in the CIF file: CCDC 898371.
